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The simulation of membrane proteins requires compatible protein and lipid force fields that reproduce
the properties of both the protein and the lipid bilayer. Cytochrome P450 enzymes are bitopic
membrane proteins with a transmembrane helical anchor and a large cytosolic globular domain that
dips into the membrane. As such, they are representative and challenging examples of membrane
proteins for simulations, displaying features of both peripheral and integral membrane proteins. We
performed molecular dynamics simulations of three cytochrome P450 isoforms (2C9, 2C19 and 1Al1)ina
2-oleoyl-1-palmitoyl-sn-glycerol-3-phosphocholine bilayer using two AMBER force field combinations:
GAFF-LIPID with ff99SB for the protein, and LIPID14 with ff14SB for the protein. Comparison of the
structural and dynamic properties of the proteins, the lipids and the protein-membrane interactions
shows differing sensitivity of the cytochrome P450 isoforms to the choice of force field, with generally
better agreement with experiment for the LIPID14 + ff14SB combination.

Molecular dynamics (MD) simulation provides a powerful approach to obtain detailed insights into the structure
and dynamics of complex biomolecular assemblies, such as protein-membrane systems. Membrane proteins have
many important biological roles, e.g. as receptors, channels, transporters and enzymes, and they are targets for
about 50% of all marketed drugs'. Membrane proteins have a range of transmembrane topologies. The largest
class has a single a-helical transmembrane (TM) helix?*. Cytochrome P450 (CYP) enzymes belong to this class
and they have a TM helix anchor that spans the membrane bilayer and is connected by a flexible linker to a large
cytosolic globular domain that dips into the membrane (Fig. 1). Thus, CYP enzymes embody the key features
of membrane proteins and thereby provide excellent systems for testing force fields (ff) for the simulation of
membrane proteins. Moreover, CYPs are key enzymes in a number of important cellular functions, including the
metabolism of endogenous and xenobiotic compounds and steroidogenesis*. There is consequently a growing
interest in studying the structure-function relationships of CYPs, and MD simulations can be expected to play
an increasing role in these studies. Experiments with CYPs in various environments from detergents to micelles,
bicelles and Nanodiscs have provided information on how CYPs interact with membranes®~®. However, to provide
a complete structural and dynamic picture, models of CYPs in membranes have been built and simulated and
these studies have been conducted using a number of different force fields, see e.g. °-'°. Here, we use a multires-
olution modeling and simulation procedure that we have previously developed for predicting CYP-membrane
interactions using coarse-grained (CG) and atomic-detail (AA) MD simulations and that gave results consistent
with available experimental data'®-1.
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Figure 1. Model of CYP 2C9 (ribbon with heme in brown stick representation) in a POPC bilayer. Regions
important for interactions with the membrane are colored: yellow: BC loop; dark red: F and G helices, green:
FG loop containing F’ and G helices, pink: C helix, blue: I helix, magenta: 31 sheet, orange: linker, cyan: TM-
helix. Gray spheres represent the phosphorous atoms of the POPC head groups. The angles and vectors (v1
along the I-helix, v2 shown by red arrow from the C to the F helix, v3 along the TM-helix) that characterize
the orientation of the protein in the membrane are shown on the right and their definitions are given in the
Methods. The snapshot is obtained from the final frame of the simulation with LIPID14 + ff14SB (see below).
The image was generated using VMD 1.9 (www.ks.uiuc.edu/Research/vmd/)*.

MD simulations have been widely used to simulate phospholipid bilayers and systems with transmembrane
proteins and peptides. Different ffs for simulations of phospholipid bilayers have been compared in a num-
ber of studies?'-?%. Similarly, protein ffs for simulating proteins in aqueous solution have been evaluated®>-2.
Only recently has the compatibility of protein and lipid force fields, including the AMBER ff14SB/Slipids and
AMBER {f14SB/Lipid14 combinations, been critically evaluated®. However, further analysis of the compatibility
of the lipid ffs with protein ffs, which is crucial for studies of protein-membrane interactions, remains lacking.
Here, we address this need by performing simulations of three CYP isoforms, CYP 2C9, CYP 2C19 and CYP
1A1, in a 2-oleoyl-1-palmitoyl-sn-glycerol-3-phosphocholine (POPC) membrane using two AMBER family ff
combinations: GAFF-LIPID with AMBER ff99SB (GAFF-LIPID + ff99SB), and LIPID14 with AMBER {f14SB
(LIPID14 + ff14SB). In both cases, the TIP3P model**! was used for water. Both the older GAFF-LIPID + f99SB
combination and the newer LIPID14 + ff14SB combination have been used in prior simulations of cytochrome
P450 enzymes and other membrane proteins, see for example refs. 14716232, Simulations were performed for a
POPC bilayer because POPC is a major component of the endoplasmic reticulum (ER) membrane®, in which
these CYPs are embedded in vivo™, and because in vitro experiments have been performed for CYPs in POPC
Nanodiscs®®. We compared the structural, dynamic and interaction properties of the simulated systems.

Results and Discussion

We first built CG models of the CYP-membrane systems with different conformations of the flexible linker. For
each system, five independent CG simulations of 6-10 microseconds duration were run to efficiently sample
configurational space, and these resulted in a converged orientation of the globular domain in the bilayer in times
of up to 4 microseconds, see Supplementary Fig. S1. A representative structure of each CYP-membrane system
from the CG simulations was then converted to AA representation and relaxed and refined by running AA MD
simulations with the two ffs. Because of the prior sampling in CG simulations, reasonable convergence of the
properties of the systems was achieved in most of the AA MD simulations within times of 70-220 ns. However, we
noted that in some of the simulations with the GAFF-LIPID + ff99SB combination, the systems showed structural
divergence after simulation times of about 50 ns and we therefore ran two replicas of the GAFE-LIPID 4 ff99SB
simulations for each of the three protein-membrane systems. An additional replica simulation was also per-
formed for CYP 1A1 with LIPID14 + {f14SB.
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CYP Isoforms CYP 2C9 CYP 2C19 CYP1A1

Force fields GAFF-LIPID | LIPID14 + | GAFF-LIPID | LIPID14 + | GAFF-LIPID

Computed Parameters +1f99SB ff14SB +1f99SB ff14SB +1f99SB LIPID14 + ff14SB
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Table 1. Parameters characterizing the orientation and depth of insertion of the CYP globular domain in the
membrane bilayer, as well as the orientation of the TM-helix in the bilayer, in AA MD simulations for three
CYP isoforms with GAFF-LIPID + ff99SB and with LIPID14 + ff14SB. Means and standard deviations were
computed over the last 50 ns of each MD production trajectory. For cases where two replica simulations were
performed, the values for the longer simulation are given followed by those of the shorter simulation in italic.
Trajectory lengths are given in Table 2.

Protein-membrane interactions. Parameters'® computed to characterize the orientation and position of
the CYP globular domain with respect to the membrane during the AA MD simulations are given in Table 1 and
the coordinates of final snapshots from the simulations are provided in six PDB files as Supplementary Data.
The computed angles are indicated in Fig. 1 and defined in Methods. The heme tilt angles are mostly lower in
the simulations with GAFF-LIPID + ff99SB than with LIPID14 + ff14SB. Although the heme tilt angle has not
been measured for any of the three CYP isoforms studied here, the values of the heme tilt angle obtained in the
simulations with LIPID14 + ff14SB for CYP 1A1 and CYP 2C19 are similar to the range (57-62°) that has been
measured for other CYP isoforms in a POPC Nanodisc by linear dichroism*. The o and (3 angles, which define
the orientation of the CYP globular domain with respect to the membrane!®, showed correspondingly similar
trends for the two ffs, with the greatest differences, of about 25°, for CYP 2C19, and with the differences partially
due to distortion of the helices used to define the angles in the GAFF-LIPID + ff99SB simulations (see below).
The TM-helix tilt angles observed for the three CYPs in the simulations are quite similar to the value of about 17°
observed for CYP 2B4 in DLPC/DHPC bicelles?®.

The axial distance between the center of mass (CoM) of the globular domain and the CoM of the mem-
brane, characterizing the depth of insertion of the globular domain in the membrane, was generally longer for
LIPID14 + ff14SB than for GAFF-LIPID + ff99SB, as illustrated for CYP 2C9 in Fig. 2. There was thus less immer-
sion of the protein in the membrane and therefore, a higher degree of freedom for motion of the globular domain
for LIPID14 + ff14SB. The shallower insertion of the proteins in the bilayer with LIPID14 + ff14SB than with
GAFEF-LIPID + ff99SB may be due to differences in polar interactions and the structure and mobility of the lipid
bilayer, see below.

Structural and dynamic properties of the proteins. For all three proteins with LIPID14 + ff14SB, the
Coatom root mean squared deviation (RMSD) of the globular domain with respect to the energy minimized
structure rose to about 2-2.5 A and then remained stable during the MD simulations, indicating the overall sta-
bility of the CYP globular domain during MD simulations (Supplementary Fig. S2). With GAFF-LIPID + ff99SB
the RMSD evolved to 2.5-3.5 A during the simulations, with the RMSD mostly showing a tendency to rise
quicker with simulated time than for LIPID14 + ff14SB. The trends in RMSD overall indicate somewhat greater
preservation of the crystallographic protein structures in the simulations with LIPID14 + ff14SB than with
GAFF-LIPID + ff99SB.

The trends in variation of the computed B-factors along the sequences overall correspond to those for the
crystallographic B-factors (Fig. 3). There are however some notable differences between the proteins and between
the two sets of ff parameters. The regions of the proteins in contact with the membrane, such as the F'G’ region,
show higher mobility in simulations with LIPID14 + ff14SB than with GAFF-LIPID + ff99SB overall (Fig. 3).
This observation is consistent with the higher mobility of the phospholipids®*” and the reduced depth of inser-
tion of the globular domain in the membrane with LIPID14 + ff14SB than with GAFF-LIPID + ff99SB. In all
proteins, the linker, connecting the TM-helix with the globular domain, is more flexible in the simulations with
LIPID14 + ff14SB than GAFF-LIPID + ff99SB, consistent with the greater fluctuation of the TM-helix angle with
LIPID14 + ff14SB (Table 1).

In CYP 1A1 using LIPID14 + ff14SB, somewhat higher fluctuations were seen in the EF loop, F helix and FG
loop but the secondary structure showed similar behavior for both ffs (Supplementary Fig. S5). For CYP 2C9 with
GAFF-LIPID + ff99SB, however, secondary structure distortion or bending of helices was observed in the F, G’
and G helices, which line the proposed substrate access route and the active site, along with some unwinding of
the central I helix (Supplementary Fig. S3). In addition, with GAFF-LIPID + ff99SB, CYP 2C9 showed higher
mobility in some regions (especially the BC and KL loops) than in the crystal structure and in the simulations
with LIPID14 + ff14SB (Fig. 3). The increased flexibility in the BC loop resulted in formation of a wide tunnel
(tunnel 2d/f)* leading to the binding pocket with increased interactions of the BC loop with the membrane
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Figure 2. Comparison of the final orientations of CYP2C9 in the POPC bilayer in simulations of the apoprotein
with GAFF-LIPID + ff99SB after 76 ns (left) and LIPID14 + ff14SB after 216.9 ns (right). The globular domain

is less immersed in the membrane in the simulations with LIPID14 + ff14SB than with GAFF-LIPID + ff99SB.
The interactions and dynamics of regions lining the substrate access routes to the active site from the
membrane, especially the FG loop, differ, see Table 1 and Fig. 3. Color scheme: The protein is shown in cartoon
representation as follows: yellow: BC loop; dark red: F and G helices, green: FG loop containing F’ and G’
helices, blue: I helix, magenta: 31 sheet, orange: linker. The heme is shown in stick representation colored by
atom type with cyan carbon atoms. Red spheres represent the phosphorous atoms of the head groups of the
POPC lipids shown in grey line representation. The image was generated using VMD 1.9 (www.ks.uiuc.edu/
Research/vmd/)%.
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Figure 3. Variation of the average B-factor values (8 ?’RMSF?/3) of protein backbone Ca atoms along the
sequences of CYP 2C9 (top), CYP 2C19 (middle) and CYP 1A1 (bottom). Values computed from AA MD
simulations with LIPID14 + ff14SB (black lines) and GAFF-LIPID + ff99SB (gray lines) are compared with
crystallographic B-factors (black dotted lines). For systems for which replica simulations were run, the values
are given for the longer simulation. The locations of secondary structure elements are shown by bars. For CYP
2C9 and CYP 2C19, the residue numbers for the secondary structure are the same. The plots were generated
using Xmgrace (plasma-gate.weizmann.ac.il/Grace/)*®.

headgroups. In simulations of CYP 2C109, distortion in the F helix residues 205-208 close to the F” helix and
unwinding in the I helix was also observed with GAFF-LIPID + ff99SB (Supplementary Fig. S4). However, the
particularly high fluctuations in the F'G’ helices in CYP 2C19 for LIPID14 + ff14SB (Fig. 3) could be partly due to
unwinding of the F'G” helices (Supplementary Fig. S4). In simulations of ligand-bound CYP2C9 and CYP 2C19
in a POPC bilayer with LIPID14 + {f14SB (Mustafa et al.*’), we observed that a few amino acid substitutions in
the FFG” and 31-1 and 1-2 regions resulted in different contacts with the lipid bilayer and differing orientations of
the CYP globular domain in the bilayer. In the present simulations of apo-CYP 2C19 with LIPID14 + ff14SB, we
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Cell Di ions® (A) | Number of lipids® Average APL (A2)®
Non- Non-
CYP 2C9
Start frame 0.0 142.4 138.1 49 545 517+ 14.1 64.9+158 | 63.8+16.0
139.4 1482 1522 75 519 55.942.0 737406 | 714406
GAFF-LIPID +99SB | 7 150.6 150.1 78 516 552421 722415 |69.9+ 15
LIPID14 + ff14SB 216.9 1517 130.9 51 543 48.1+2.1 661207 | 644407
CYP 2C19
Start frame 0.0 142.4 138.1 54 540 443+222 6594127 | 64.0+15.1
1367 150.2 143.0 75 519 55.0+ 1.8 713405 | 694405
GAFE-LIPID +f99SB | & - 142.1 144.5 69 525 56.7+1.8 68305 |67.0+05
LIPID 14+ fF14SB 108.4 1413 1415 63 531 493430 662406 | 644+07
CYP 1A1
Start frame 0.0 142.4 138.1 47 547 56.7+18.5 65.1+133 | 645+13.9
211.2 1449 135.8 98 496 475+1.1 624407 | 598407
GAFF-LIPID +99SB | o7 152.4 137.1 89 505 562427 658409 |643+12
225 1324 1522 79 515 441424 6634106 |634+06
LIPID14 + ff14SB 217.0 133.7 151.3 76 518 486+20 666+0.7 |645+05

Table 2. Structural properties of the phospholipid bilayer computed from AA MD simulations of the three
CYP isoforms in a POPC bilayer with two sets of ff parameters. For cases where two replica simulations were
performed, the values for the longer simulation are given followed by those of the shorter simulation in italic.
Cell dimensions and numbers of lipids are given for the initial and final frames of the production runs at

the times indicated and show the evolution of the simulation box with time. ®Average values and standard
deviations of the area per lipid (APL) are given. For the initial frame, averaging is over all lipids in the specified
region. For the final frames, averaging is over snapshots taken at 0.2-1 ns intervals over the last 50 ns of each
simulation and over all lipid molecules in the specified region for each snapshot. For comparison, previously
reported values for pure POPC bilayers from MD simulation®’ are 65.6 A% and from experiments are 64.3,
68.3°>* and 66.0* A2. “In any given trajectory snapshot, lipid molecules within 5 A of the protein atoms were
designated as boundary lipids and those beyond were designated as non-boundary lipids.

observed that conformational changes in the linker resulted in the re-orientation of charged residues in the linker
to interact with the polar headgroups of the membrane. This re-orientation may contribute to the considerable
difference in orientation of the globular domain of CYP 2C19 in the membrane for the two ffs.

Structural and dynamic properties of the phospholipid bilayer. In a recent evaluation of AMBER
ffs for lipids, the LIPID14 ff showed improved structural properties over the LIPID11/GAFF ff without the need
to apply a constant surface tension in MD simulations of bilayers*”. However, proteins can influence membrane
properties as much as membranes can shape the structure and function of proteins. Therefore, the structure and
dynamics of the membrane in the presence of protein were examined by computing the membrane thickness, the
surface area occupied by each lipid (area per lipid (APL)), lipid order parameters, and the electron density profile
across the membrane (Table 2, Fig. 4 and Supplementary Fig. S6), and comparing with experimental structural
data on lipid bilayers®#!-4,

The average APL of the non-boundary (bulk) lipids in all the simulations with LIPID14 + ff14SB was con-
sistent with experiments for POPC bilayers*+!**. The APL of the boundary lipids next to the protein was lower
due to protein interactions. However, in the simulations with GAFF-LIPID + ff99SB, the box dimensions and
number of boundary lipids increased along with the APL of the non-boundary lipids (Fig. $6). Visual inspection
of the simulations of CYP 2C9 with GAFF-LIPID + ff99SB showed that the lipids became highly ordered and that
empty voids between the lipid molecules contributed to the increased average APL. The increase in the number of
boundary lipids corresponds with increased protein-membrane contacts and the deeper insertion of the protein
in the membrane with GAFF-LIPID + ff99SB. Order parameters for the lipid Sn1 and Sn2 chains computed from
the CYP 2C9 simulations with LIPID14 + ff14SB (Fig. 4) match well with order parameters for a pure POPC
bilayer determined experimentally*>*$ and from simulation results””. The order parameters computed from the
simulations with GAFF-LIPID + ff99SB are all higher, with particularly high values for the saturated Sn1 chain,
indicating a rigid gel-like configuration of the lipids. Higher order parameters were also computed from an earlier
simulation of a pure POPC bilayer with GAFF-LIPID*.

Along with the thickness of the bilayer, defined as the distance between two headgroup peaks*>*, the density
profile also gives information about the hydration shell and insertion of water molecules in the lipid membrane”#®
(Fig. 4). The membrane thickness was inversely related to the APL. The electron density profiles computed from
the simulations with the two parameter sets differ in shape. All simulations with LIPID14 + ff14SB show a similar
bilayer shape. The calculated thickness of the bilayer for the CYP 2C9 system simulated with LIPID14 + ff14SB
was 37.1 A, which matches well with the value previously reported for pure POPC bilayers from MD simula-
tions with LIPID14 (36.9 4 0.6 A) and from experiments*! (37 A). The thickness of the bilayer for the CYP 2C9
system simulated with the GAFF-LIPID + ff99SB was lower, 32.2 A, and more varied over the bilayer (Fig. 4,
right) and the electron density profile (Fig. 4, middle) showed a broad trough in the tail region, indicating that
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Figure 4. Comparison of the structural and dynamic properties of the phospholipid bilayer in simulations of
the CYP 2C9-POPC membrane system conducted with the LIPID14 + ff14SB and the GAFF-LIPID + ff99SB
parameters. Computed time averaged C-H (deuterium) order parameters for the Sn1 (solid lines) and Sn2
(dashed lines) chains (a) and electron density profiles (b) for simulations with LIPID14 + ff14SB (black) and
GAFF-LIPID + ff99SB (grey) parameters. The electron density profiles computed for the last 50 ns of the
simulations are shown for the protein+phospholipid system (upper lines) and for the water molecules (lower
lines). The profiles peak at 0.43 /A for the head groups and drop below 0.3 /A’ for the methylene groups

in the tail region®. The thickness of the bilayer is lower for GAFE-LIPID + ff99SB and the electron density

is less depleted in the middle of the bilayer. The asymmetry in the electron density distribution around the
bilayer center is due to the interaction of the protein globular domain on the positive side of the z-axis of the
bilayer. The decomposition of the electron density profile into different segments of the membrane bilayer,
water and protein is shown in (c) and the variation in the bilayer thickness over the simulated bilayer (d) for
LIPID14 + ff14SB (upper panels) and GAFF-LIPID + ff99SB (lower panels). A similar shape of the trough in
the profile is seen in all systems simulated with LIPID14 + ff14SB, whereas for GAFF-LIPID + ff99SB, a broader
trough is visible. The plots in Fig. 4A-C were generated using Xmgrace (plasma-gate.weizmann.ac.il/Grace/).
Fig. 4D was generated using g_lomepro v1.0.2 (www3.mpibpc.mpg.de/groups/de_groot/g_lomepro.html)*.

an interdigitated bilayer was formed. A similar effect was observed in small- and wide-angle X-ray scattering
(SWAXS) experiments on the multifunctional human peptide LL-37 which causes membrane disruption®. The
decomposition of the electron density profile into its components (Fig. 4, middle panels) shows, as expected
from the lower CoM-CoM distance between the protein globular domain and the membrane, that the protein
penetrates further into the membrane region in the simulations with GAFF-LIPID + ff99SB.

Overall, in the simulations with LIPID14 + ff14SB, the non-boundary phospholipids show behavior consistent
with that known for bulk POPC whereas these phospholipids tend to deviate from this bulk behavior during the
simulations with GAFE-LIPID + ff99SB. Furthermore, the use of GAFF-LIPID + ff99SB results in more phospho-
lipid molecules interacting closely with the protein.

Conclusions

We compared the results of using two different AMBER ff combinations to simulate CYP-POPC bilayer sys-
tems. Atomic-detail MD simulations of up to about 200 ns duration were run after obtaining systems with
converged arrangements of the proteins immersed in the bilayer from a set of independent coarse-grained sim-
ulations. While longer AA MD simulations might allow investigation of slow transitions in the CYP-POPC sys-
tems, the AA MD simulations run (including replicas) were of sufficient length to examine protein-membrane
interactions and to reveal differences in the systems simulated with the two AMBER ff combinations. Mostly,
the results indicate that the combination of LIPID14 for the membrane with ff14SB for the protein can be pre-
ferred over GAFF-LIPID + ff99SB to study such protein-membrane interactions. Moreover, the results with the
LIPID14 + ff14SB combination show similar or better agreement with experiment compared to results obtained
for CYP-membrane systems with other ffs, such as CHARMm and GROMOS®!!. The LIPID14 + ff14SB com-
bination reproduces the structural and dynamic properties of the POPC phospholipid bilayer better than
GAFF-LIPID + ff99SB. We found it necessary to use a smaller timestep of 1.5 fs with the GAFF-LIPID + ff99SB
combination in order to run simulations of over 100 ns while maintaining a reasonable bilayer structure. The
GAFF-LIPID ff requires application of a surface tension to maintain the membrane bilayer, whereas with
LIPID14, anisotropic pressure coupling can be used. The effect of the ff on protein structure and dynamics and
protein-membrane interactions was subtler. For CYP 1A1, the protein properties showed only small variations
with ff, whereas larger effects were observed for CYP 2C9 and CYP 2C109, indicating that the protein stabil-
ity in the membrane is dependent on specific sequence differences between the isoforms. These differences in
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stability may be related to the finding that different CYPs have preferences for different regions of membranes
with some preferring to be in lipid rafts and some outside and CYP1A1 localizing in disordered regions of the ER
membrane® 3,

Consistent with the improved backbone and sidechain parameters in ff14SB*, the protein secondary structure
tended to be more stable in simulations with LIPID14 + ff14SB than with GAFE-LIPID + ff99SB, despite higher
fluctuations in the parts of the protein interacting with the membrane due to the greater lipid mobility.

In this case study, we have compared the performance of two ff combinations for three proteins with the same
CYP fold in a phospholipid bilayer composed of one type of lipid (POPC). Simulations of other CYPs in different
lipid membranes or mixed composition membranes, for example with the addition or cholesterol or representing
the ER composition, indicate that the protein dynamics and binding properties may be different from in a POPC
membrane®**. Furthermore, CYP-membrane interactions may be influenced by the binding of their redox part-
ners, which are themselves membrane bound proteins with a transmembrane helical anchor®. Therefore, for a
complete picture of the performance of the ff combinations studied here, further systematic studies of ff effects
would be required for other proteins, for other phospholipids and for more realistic models of biological mem-
branes consisting of a mixture of different constituents. On the other hand, the CYP-membrane systems studied
here could provide useful test systems for the evaluation of further ffs and ff combinations.

Computational Methods

Models of the full length CYP proteins in a POPC bilayer were built and simulated using MARTINI*” CG models
and AA models as described previously”’. Simulations were based on crystal structures of the globular domains
of CYP 2C9 (PDB ID 1R90;¥ resolution 2.0 A), CYP 2C19 (4GQS;*° resolution 2.87 A) and CYP 1A1 (4I8V;3
resolution 2.6 A). For AA MD simulations, either the AMBER ff14SB®! parameters were used for the protein with
the LIPID14 parameters for the POPC lipids®*” or the AMBER ff99SB parameters were used for the protein and
the GAFF parameters for the lipid*. Simulations were carried out with NAMD 2.10% in a periodic rectangular
box with the TIP3P3*3! water model and with Na™ and Cl" ions® added to neutralize the system and maintain
the ionic concentration at 150 mM. We ran AA MD simulations with the recommended pressure control for the
respective ffs. The following sections provide the methodological details.

Preparation of full-length CYP 2C9, CYP 2C19 and CYP 1A1. The following protein sequences and
crystal structures from the RCSB-PDB (www.rcsb.org) were used: CYP 2C9 (Uniprot id P11712): PDB ID 1R90%,
resolution 2.0 A, lacking N-terminal residues 1-25 and the F'G’ region (residues 214-220); CYP 2C19 (Uniprot
id P33261): PDB ID 4GQS®, resolution 2.87 A, lacking N-terminal residues 1-28; and CYP 1A1 (Uniprot id
P04798): PDB ID 4I8V, resolution 2.6 A, lacking N-terminal residues 1-35. CYP 2C9 and CYP 2C19 have
91.2% sequence identity. As the missing residues in the linker and F'G’ region of CYP 2C9 are similar to those in
CYP 2C19, the crystal structure of CYP 2C19 was used as a template for modeling these missing residues in CYP
2C9. The TM-helix (residues 3-21 for CYP 2C9, residues 2-23 for CYP 2C19 and residues 6-26 for CYP 1A1)
and missing linker (residues 22-25 for CYP 2C9, residues 24-25 for CYP 2C19 and residues 27-36 for CYP 1A1)
were modeled with a similar procedure to that used by Mustafa et al.'®. The final models consisted of the crystal
structure of the globular domain with modeled missing regions. Various starting orientations of the CYP globu-
lar domains above a POPC bilayer were generated by changing the dihedral angles in the flexible linker regions
before conversion to the coarse-grained (CG) MARTINI representation. Subsequently, 5 independent CG MD
simulations were performed using the GROMACS 5.0.4 software (www.gromacs.org) of each of CYP 2C9, CYP
2C19 and CYP 1A1 in a POPC bilayer for 6-10 us each. During the CG MD simulations, the secondary and ter-
tiary structure was maintained by elastic network restraints with an elastic force constant of 500 kJ/mol/nm?and a
distance cutoff range of 5-9 A except in the flexible linker region (residues 22-36 for CYP 2C9, residues 26-38 for
CYP 2C109, and residues 27-36 for CYP 1A1). The secondary structure information was provided for this purpose
in a DSSP file obtained from the DSSP server®*. (http://www.cmbi.ru.nl/dssp.html).

Convergence of coarse-grained simulations and back conversion. The CG MD simulations were
considered converged when no significant changes were observed in the orientation of the CYP globular domain
with respect to the membrane as described previously'®-'%. The orientations were quantified by calculating the
angles (o and ) and distances (center of mass (CoM) of the globular domain (residue 50-490 for CYP 2C9 and
CYP 2C19 and residue 51 to 511 for CYP 1A1) or the FG loop from the CoM of the POPC membrane), defining
the positioning of the globular domain above the lipid membrane. The interactions of the TM-helix in the mem-
brane were quantified by computing the TM-helix tilt angle. Convergence plots are shown for CYP 1A1 in Fig. S1.

Representative frames of the converged orientations of each CYP isoform were selected for back-conversion
to an all-atom (AA) model. The representative frame was chosen to have angle and distance values within 1%
of the mean value for the saved snapshots of a particular orientation of each CYP. The back-conversion of the
POPC bilayer was performed as described in Cojocaru ef al.'®, whereas the protein back-conversion was done
using the scripts backward.py and initram.sh, available at the MARTINI website (cgmartini.nl)®®. Due to the
lack of the heme cofactor in the CG model, conformational changes in the side chains of heme-binding pocket
residues were observed. Therefore, the globular domain from the crystal structure, including the heme-cofactor,
was superimposed on the back-mapped structure and used in subsequent AA simulations. The TM-helix and the
flexible linker region obtained from the back-conversion procedure were then connected to the globular domain,
resulting in a full-length AA model, which was inserted into an AA model of the POPC bilayer to obtain a com-
plete CYP-membrane complex.

All-atom (AA) molecular dynamics simulations. AA MD simulations were performed for each CYP
with two sets of force field parameters. Either the AMBER {f14SB®! parameters were used for the protein with the
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LIPID14 parameters for the POPC lipids®” or the AMBER {f99SB parameters were used for the protein and the
GAFF force-field for the lipid*. Comparisons were made with our previous simulations of CYP 2C9 in a mem-
brane’®. The heme parameters were provided by D. Harris with the partial atomic charges derived from DFT cal-
culations®. Simulations were carried out in a periodic rectangular box. Na™ and CI" ions were added to neutralize
the protein and to maintain the ionic concentration at 150 mM and the TIP3P model***! was used for the water
molecules. The same procedure for AA MD simulation was used as described in detail by Cojocaru et al'é. and all
simulations were carried out with NAMD 2.10%2.

The simulation protocol began with energy minimization with a force constant on non-hydrogen atoms of
protein and lipid residues that gradually decreased from 1000 to 0 kcal/mol.A, as described by Cojocaru et al'.
The energy minimized systems were then equilibrated for 1.5 ns with a timestep of 1 fs maintaining constant
surface area and pressure at a temperature of 310K (in the NPAT ensemble), with a gradual decrease in harmonic
restraints on non-hydrogen atoms of protein and lipid residues from 100 to 0kcal/mol.A2 Then the systems were
equilibrated for 5 ns without any constraints in the NPAT ensemble. Afterwards, the production simulations
were run in periodic boundary conditions. One simulation was run for each system using the LIPID14 + ff14SB
combination and an additional replica simulation was run with this ff for the CYP 1A1 system. Two replica
simulations (starting with different velocity assignments) were run with the GAFF 4- ff99SB combination due
to the generally lower stability of the systems with this ff. A time-step of 2 fs was used for the simulations with
the LIPID14 + ff14SB combination and for one of the two replica simulations of CYP 2C9 and CYP 2C19 with
the GAFF + ff99SB combination. The other simulations with the GAFF + ff99SB combination were run with a
time-step of 1.5 fs to ensure reasonable bilayer stability in simulations exceeding 100 ns.

The electrostatic interactions were calculated using the PME method. All bonds to hydrogen atoms were
constrained with the SHAKE algorithm®. Temperature was controlled by Langevin dynamics with a damping
coefficient of 0.5ps™" at 310K on non-hydrogen atoms. Pressure was controlled by the Nosé-Hoover Langevin
piston method with oscillation and damping times of 1000 fs. The GAFF-LIPID force-field requires simulations
to be done under constant surface tension (NP~T ensemble) to maintain the structural properties of the mem-
brane bilayer*® and thus for production runs (without harmonic restraints), a surface tension of 60 dyn/cm in the
x-y plane was used. The LIPID14 parameters, on the other hand, have been optimized for use with anisotropic
pressure coupling (NPT ensemble) on the basis of tests for pure membrane systems without any protein pres-
ent”. Therefore, anisotropic pressure coupling was used for simulations of our protein-membrane systems with
LIPID14.

Definitions of the parameters characterizing the position of the protein with respect to the
membrane. The position and orientation of the protein with respect to the membrane was quantified by
calculating various angles and distances, as previously reported'®-'8. Three vectors were defined as follows (see
Fig. 1): v1, from the center of mass (CoM) of the backbone particles (CG representation) or atoms (AA rep-
resentation) of the first 4 residues to the CoM of the last 4 residues of the I-helix; v2, from the CoM of the first 4
residues of the C-helix to the CoM of the last 4 residues of the F-helix; v3, the vector between the CoMs of the first
and last four residues of the TM- helix, and the z-axis, which is perpendicular to the membrane. The angle o was
defined as the angle between v1 and the z-axis, and angle 3 was defined as the angle between v2 and the z-axis.
Thus, angles ov and (3 together define the orientation of the CYP globular domain with respect to the membrane
normal. The heme tilt angle, defined as the angle between the heme plane (defined by the four nitrogen atoms
coordinating the iron) and the z-axis, was also monitored for direct comparison with experimental measure-
ments. The axial distance of the CoM of the globular domain to the CoM of the lipid bilayer was also monitored
during the trajectories. The TM-helix tilt angle or angle ~ in the lipid membrane was defined as the angle between
v3 and the z-axis.

Analysis of all-atom molecular dynamics simulations. The VTMC tool, which combines both
Voronoi tessellation and Monte Carlo methods to assign a Voronoi polygon to each lipid, was used to compute
area per lipid (APL)%. The method computes the APL for boundary lipids (lipids within 5 A of the protein) and
non-boundary lipids (other lipids) (script available at: https://github.com/prajwal07/Calculate_LIPID_parame-
ters_using_Voronoi_Method). The electron density profile across the membrane bilayer was computed from the
atomic distribution on the membrane normal using the ccptraj module® of AmberTools (ambermd.org). The
membrane was divided into slabs of 0.1 A thickness in the z-dimension. The calculated electron density in the slab
was then divided by the average cross-sectional area to obtain the electron density in e/A°. The electron density
was computed and time averaged for the last approximately 66 ns and 76 ns for MD simulations of the CYP 2C9
systems with LIPID14 + ff14SB ft and GAFF-LIPID -+ ff99SB ff, respectively. Carbon-hydrogen (deuterium) order
parameters were computed using the VMD plugin MEMBPLUGIN’. The protein secondary structure profiles®
were computed using the cpptraj module® of the Amber14 software package (ambermd.org).

The molecular graphics representation in Figs. 1 and 2 was generated using VMD 1.9 (www.ks.uiuc.edu/
Research/vmd/)®. Plots for Figs. 3, 4A-C and S1, 2 were generated using Xmgrace®. Fig. 4D was generated using
g lomepro®. Supplementary Figs. S3-6 were generated using Gnuplot’’.

Data availability
The trajectories and associated files generated in the current study are available from the corresponding author
upon reasonable request.

Received: 5 August 2019; Accepted: 13 April 2020;
Published online: 29 April 2020

SCIENTIFIC REPORTS |

(2020) 10:7284 | https://doi.org/10.1038/s41598-020-64129-7


https://doi.org/10.1038/s41598-020-64129-7
https://github.com/prajwal07/Calculate_LIPID_parameters_using_Voronoi_Method
https://github.com/prajwal07/Calculate_LIPID_parameters_using_Voronoi_Method
http://www.ks.uiuc.edu/Research/vmd/
http://www.ks.uiuc.edu/Research/vmd/

www.nature.com/scientificreports/

References

1.
2.

3.

12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.
33.
34,
35.
36.

37.
. Turner, P. J. J. XMGRACE, Version 5.1. 19. Cent. Coast. land-margin Res. oregon Grad. Inst. Sci. Technol. Beaverton, Ore, USA

39.
40.

41.

42.
43.

44,

Lindahl, E. & Sansom, M. S. S. Membrane proteins: Molecular Dynamics Simulations. Curr. Opin. Struct. Biol. 18, 425-431 (2008).
Fagerberg, L., Jonasson, K., Von Heijne, G., Uhlén, M. & Berglund, L. Prediction of the human membrane proteome. Proteomics 10,
1141-1149 (2010).

Babcock, J. J. J. & Li, M. Deorphanizing the human transmembrane genome: A landscape of uncharacterized membrane proteins.
Acta Pharmacol. Sin. 35, 11-23 (2014).

. Danielson, P. B. & Danielson, P. B. B. S. P. The Cytochrome P450 Superfamily: Biochemistry, Evolution and Drug Metabolism in

Humans. Curr. Drug Metab. 3, 561-597 (2005).

. Monk, B. C. et al. Architecture of a single membrane spanning cytochrome P450 suggests constraints that orient the catalytic

domain relative to a bilayer. Proc. Natl. Acad. Sci. USA 111, 3865-70 (2014).

. Ozalp, C,, Szczesna-Skorupa, E. & Kemper, B. Identification of membrane-contacting loops of the catalytic domain of cytochrome

P450 2C2 by tryptophan fluorescence scanning. Biochemistry 45, 4629-4637 (2006).

. Williams, P. A., Cosme, J., Sridhar, V., Johnson, E. F. & McRee, D. E. Mammalian microsomal cytochrome P450 monooxygenase:

structural adaptations for membrane binding and functional diversity. Mol. Cell 5,121-131 (2000).

. Barnaba, C. & Ramamoorthy, A. Picturing the Membrane-assisted Choreography of Cytochrome P450 with Lipid Nanodiscs.

ChemPhysChem 19, 2603-2613 (2018).

. Berka, K. et al. Behavior of human cytochromes P450 on lipid membranes. J. Phys. Chem. B 117, 11556-11564 (2013).
. Hackett, J. C. C. Membrane-embedded substrate recognition by cytochrome P450 3A4. J. Biol. Chem. 293, 4037-4046 (2018).
. Baylon, J. L. L., Lenov, L. L. L., Sligar, S. G. G. & Tajkhorshid, E. Characterizing the membrane-bound state of cytochrome P450 3A4:

Structure, depth of insertion, and orientation. J. Am. Chem. Soc. 135, 8542-8551 (2013).

Park, J., Czapla, L. & Amaro, R. E. E. Molecular simulations of aromatase reveal new insights into the mechanism of ligand binding.
J. Chem. Inf. Model. 53, 2047-2056 (2013).

Lonsdale, R., Rouse, S. L., Sansom, M. S. & Mulholland, A. J. A Multiscale Approach to Modelling Drug Metabolism by Membrane-
Bound Cytochrome P450 Enzymes. PLoS Comput. Biol. 10, €1003714 (2014).

Berka, K., Hendrychova, T., Anzenbacher, P. & Otyepka, M. Membrane position of ibuprofen agrees with suggested access path
entrance to cytochrome P450 2C9 active site. J. Phys. Chem. A 115, 11248-55 (2011).

Sgrignani, J. & Magistrato, A. Influence of the membrane lipophilic environment on the structure and on the substrate access/egress
routes of the human aromatase enzyme. A computational study. J. Chem. Inf. Model. 52, 1595-1606 (2012).

Cojocaru, V., Balali-Mood, K., Sansom, M. S. P. & Wade, R. C. Structure and dynamics of the membrane-bound cytochrome P450
2C9. PLoS Comput. Biol. 7, 1002152 (2011).

Yu, X. et al. Ligand tunnels in T. brucei and human CYP51: Insights for parasite-specific drug design. Biochim. Biophys. Acta 1860,
67-78 (2015).

Mustafa, G., Nandekar, P, Yu, X. & Wade, R. On the Application of the MARTINI Coarse-Grained Model to Immersion of a Protein
in a Phospholipid Bilayer. J. Chem. Phys. 143, 243139 (2015).

Yu, X. et al. Dynamics of CYP51: Implications for function and inhibitor design. J. Mol. Recognit. 28, 59-73 (2015).

Humphrey, W,, Dalke, A. & Schulten, K. VMD: Visual Molecular Dynamics. J. Mol. Graph. 14, 33-38 (1996).

Siu, S. W. I. W. L, Vécha, R,, Jungwirth, P. & Bckmann, R. A. A. Biomolecular simulations of membranes: Physical properties from
different force fields. J. Chem. Phys. 128, 125103 (2008).

Pluhackova, K. et al. A Critical Comparison of Biomembrane Force Fields: Structure and Dynamics of Model DMPC, POPC, and
POPE Bilayers. J. Phys. Chem. B 120, 3888-3903 (2016).

Poger, D., Caron, B. & Mark, A. E. E. Validating lipid force fields against experimental data: Progress, challenges and perspectives.
Biochim. Biophys. Acta - Biomembr. 1858, 1556-1565 (2016).

Piggot, T. J. J. et al. Molecular dynamics simulations of phosphatidylcholine membranes: A comparative force field study. J. Chem.
Theory Comput. 8,4593-4609 (2012).

Guvench, O. & MacKerell, A. D. D. Comparison of protein force fields for molecular dynamics simulations. In Methods in Molecular
Biology 443, 63-88 (Humana Press, 2008).

Martin-Garcia, E, Papaleo, E., Gomez-Puertas, P, Boomsma, W. & Lindorff-Larsen, K. Comparing molecular dynamics force fields
in the essential subspace. PLoS One 10, e0121114 (2015).

Robustelli, P.,, Piana, S. & Shaw, D. E. E. Developing a molecular dynamics force field for both folded and disordered protein states.
Proc. Natl. Acad. Sci. USA 115, E4758-E4766 (2018).

Sakae, Y. & Okamoto, Y. Protein force-field parameters optimized with the protein data bank. II. Comparisons of force fields by
folding simulations of short peptides. J. Theor. Comput. Chem. 3, 359-378 (2004).

Sandoval-Perez, A., Pluhackova, K. & Béckmann, R. A. Critical Comparison of Biomembrane Force Fields: Protein-Lipid
Interactions at the Membrane Interface. J. Chem. Theory Comput. 13,2310-2321 (2017).

Jorgensen, W. L. L., Chandrasekhar, J., Madura, J. D. D., Impey, R. W. W. & Klein, M. L. L. Comparison of simple potential functions
for simulating liquid water. . Chem. Phys. 79, 926-935 (1983).

Harrach, M. F. E. & Drossel, B. Structure and dynamics of TIP3P, TIP4P, and TIP5P water near smooth and atomistic walls of
different hydroaffinity. J. Chem. Phys. 140, 174501 (2014).

Yu, X. et al. Dynathor: dynamics of the complex of cytochrome p450 and cytochrome P450 reductase in a phospholipid bilayer. in
High Performance Computing in Science and Engineering 15 255-264 (Springer, 2016).

Kucerka, N., Nieh, M. P. & Katsaras, J. Fluid phase lipid areas and bilayer thicknesses of commonly used phosphatidylcholines as a
function of temperature. Biochim. Biophys. Acta - Biomembr. 1808, 2761-2771 (2011).

Szczesna-Skorupa, E. & Kemper, B. Endoplasmic reticulum retention determinants in the transmembrane and linker domains of
cytochrome P450 2C1. J. Biol. Chem. 275, 19409-19415 (2000).

Mustafa, G. et al. Influence of Transmembrane Helix Mutations on Cytochrome P450-Membrane Interactions and Function.
Biophys. J. 116, 419-432 (2019).

Yamamoto, K. et al. Probing the transmembrane structure and topology of microsomal cytochrome-P450 by solid-state NMR on
temperature-resistant bicelles. Sci. Rep. 3, 2556 (2013).

Dickson, C.]. et al. Lipid14: The Amber Lipid Force Field. J. Chem. Theory Comput. 10, 865-879 (2014).

(2005).

Cojocaru, V., Winn, P. J. & Wade, R. C. The ins and outs of cytochrome P450s. Biochim. Biophys. Acta 1770, 390-401 (2007).
Mustafa, G., Nandekar, P. P, Bruce, N. J. & Wade, R. C. Differing membrane interactions of two highly similar drug-metabolizing
cytochrome P450 isoforms: CYP 2C9 and CYP 2C19. Int. J. Mol. Sci. 20, 4328 (2019).

Kucerka, N., Tristram-Nagle, S. & Nagle, J. E. E. Structure of fully hydrated fluid phase lipid bilayers with monounsaturated chains. J.
Membr. Biol. 208, 193-202 (2006).

Nagle, J. E. F. & Tristram-Nagle, S. Structure of lipid bilayers. Biochim. Biophys. Acta - Rev. Biomembr. 1469, 159-195 (2000).
Leekumjorn, S. & Sum, A. K. K. Molecular characterization of gel and liquid-crystalline structures of fully hydrated POPC and
POPE bilayers. J. Phys. Chem. B 111, 6026-6033 (2007).

Hyslop, P. A. A, Morel, B. & Sauerheber, R. D. D. Organization and Interaction of Cholesterol and Phosphatidylcholine in Model
Bilayer Membranes. Biochemistry 29, 1025-1038 (1990).

SCIENTIFIC REPORTS |

(2020) 10:7284 | https://doi.org/10.1038/s41598-020-64129-7


https://doi.org/10.1038/s41598-020-64129-7

www.nature.com/scientificreports/

45. Seelig, J., Waespe-Sarcevi¢, N. & Waespe-Sarcevic, N. Molecular Order in Cis and Trans Unsaturated Phospholipid Bilayers.
Biochemistry 17,3310-3315 (1978).

46. Jojart, B. & Martinek, T. A. Performance of the general amber force field in modeling aqueous POPC membrane bilayers. J. Comput.
Chem. 28, 2051-2058 (2007).

47. Caracciolo, G., Pozzi, D. & Caminiti, R. Hydration effect on the structure of dioleoylphosphatidylcholine bilayers. Appl. Phys. Lett.
90, 183901 (2007).

48. Wiener, M. C. C,, Suter, R. M. M. & Nagle, J. E. E. Structure of the fully hydrated gel phase of dipalmitoylphosphatidylcholine.
Biophys. J. 55, 315-325 (1989).

49. Sevcsik, E., Pabst, G., Jilek, A. & Lohner, K. How lipids influence the mode of action of membrane-active peptides. Biochim. Biophys.
Acta - Biomembr. 1768, 2586-2595 (2007).

50. Gapsys, V., de Groot, B. L. L. & Briones, R. Computational analysis of local membrane properties. J. Comput. Aided. Mol. Des. 27,
845-858 (2013).

51. Park, J. W, Reed, J. R. & Backes, W. L. The Localization of Cytochrome P450s CYP1A1 and CYP1A2 into Different Lipid
Microdomains Is Governed by Their N-terminal and Internal Protein Regions. J. Biol. Chem. 290, 29449-60 (2015).

52. Park, J. W. W, Reed, . R. R, Brignac-Huber, L. M. M. & Backes, W. L. L. Cytochrome P450 system proteins reside in different regions
of the endoplasmic reticulum. Biochem. J. 464, 241-249 (2014).

53. Brignac-Huber, L. M., Park, J. W,, Reed, J. R. & Backes, W. L. Cytochrome P450 organization and function are modulated by
endoplasmic reticulum phospholipid heterogeneity. Drug Metab. Dispos. 44, 1859-1866 (2016).

54. Srejber, M. et al. Membrane-attached mammalian cytochromes P450: An overview of the membrane’s effects on structure, drug
binding, and interactions with redox partners. J. Inorg. Biochem. 183, 117-136 (2018).

55. Barnaba, C. et al. Cytochrome-P450-induced ordering of microsomal membranes modulates affinity for drugs. Angew. Chemie Int.
Ed. 57,3391-3395 (2018).

56. Yamamoto, K., Caporini, M. A., Im, S.-C., Waskell, L. & Ramamoorthy, A. Transmembrane interactions of full-length mammalian
bitopic cytochrome-P450-cytochrome-b 5 complex in lipid bilayers revealed by sensitivity-enhanced dynamic nuclear polarization
solid-state NMR spectroscopy. Sci. Rep. 7, 4116 (2017).

57. Monticelli, L. et al. The MARTINI coarse-grained force field: extension to proteins. J. Chem. Theory Comput. 4, 819-834 (2008).

58. Walsh, A. A,, Szklarz, G. D. & Scott, E. E. Human cytochrome P450 1A1 structure and utility in understanding drug and xenobiotic
metabolism. J. Biol. Chem. 288, 12932-12943 (2013).

59. Wester, M. R. et al. The structure of human cytochrome P450 2C9 complexed with flurbiprofen at 2.0-A resolution. J. Biol. Chem.
279, 35630-7 (2004).

60. Reynald, R. L., Sansen, S., Stout, C. D. & Johnson, E. E. Structural characterization of human cytochrome P450 2C19: active site
differences between P450’s 2C8, 2C9 and 2C19. J. Biol. Chem. 1-22 (2012).

61. Maier, J. A. et al. ff14SB: improving the accuracy of protein side chain and backbone parameters from ff99SB. J. Chem. Theory
Comput. 11, 3696-3713 (2015).

62. Phillips, J. C. et al. Scalable molecular dynamics with NAMD. J. Comput. Chem. 26, 1781-1802 (2005).

63. Joung, I. S. & Cheatham, T. E. III Determination of alkali and halide monovalent ion parameters for use in explicitly solvated
biomolecular simulations. J. Phys. Chem. B 112, 9020-9041 (2008).

64. Kabsch, W. & Sander, C. Protein Secondary Structure: Pattern Recognition of Hydrogen-Bonded and Geometrical Features. 22,
2577-2637 (1983).

65. Wassenaar, T. A., Pluhackova, K., Bckmann, R. A., Marrink, S. J. & Tieleman, D. P. Going backward: A flexible geometric approach
to reverse transformation from coarse grained to atomistic models. J. Chem. Theory Comput. 10, 676690 (2014).

66. Harris, D. L., Park, J.-Y., Gruenke, L. & Waskell, L. Theoretical study of the ligand-CYP2B4 complexes: effect of structure on binding
free energies and heme spin state. Proteins 55, 895-914 (2004).

67. Ryckaert, J.-P. P, Ciccotti, G. & Berendsen, H. J. C.]. C. Numerical integration of the cartesian equations of motion of a system with
constraints: molecular dynamics of n-alkanes. J. Comput. Phys. 23, 327-341 (1977).

68. Mori, T., Ogushi, F. & Sugita, Y. Analysis of lipid surface area in protein-membrane systems combining voronoi tessellation and
monte carlo integration methods. J. Comput. Chem. 33, 286-293 (2012).

69. Roe, D. R. & Cheatham, T. E. IIl PTRAJ and CPPTRAJ: software for processing and analysis of molecular dynamics trajectory data.
J. Chem. Theory Comput. 9, 3084-3095 (2013).

70. Guixa-Gonzilez, R. et al. MEMBPLUGIN: Studying membrane complexity in VMD. Bioinformatics 30, 1478-1480 (2014).

71. Racine, J. Gnuplot 4.0: A Portable Interactive Plotting Utility. J. Appl. Econom. 21, 133-141 (2006).

Acknowledgements

We thank the Klaus Tschira Foundation and the German Academic Exchange Service (DAAD) (scholarships to
GhM, PPN) and the Center for Modelling and Simulation in the Biosciences, Heidelberg (BIOMS) (fellowship
to GoM) for support. The authors acknowledge support for computing resources from the state of Baden-
Wiirttemberg through bwHPC and the German Research Foundation (DFG) through grant INST 35/1134-1
FUGG and for use of the Hazel Hen Cray XC40 at the high performance computing center, Stuttgart, Germany
(HLRS; Project Dynathor). The NAMD software was developed by the Theoretical and Computational Biophysics
Group in the Beckman Institute for Advanced Science and Technology at the University of Illinois at Urbana-
Champaign. GhM gratefully acknowledges the support of the PhD program of the Institute of Pharmacy and
Molecular Biotechnology, Heidelberg University. We thank Dr. Stefan Richter for assistance in optimizing
software performance.

Author contributions

G.h.M., PPN. and R.C.W. designed the research; G.h.M., P.P.N. and G.0.M. performed computations and
G.h.M,, PPN,, G.o.M., N.J.B. and R.C.W. analyzed the computational data; G.h.M., PP.N. and R.C.W. wrote the
manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-020-64129-7.

Correspondence and requests for materials should be addressed to R.C.W.

SCIENTIFIC REPORTS |

(2020) 10:7284 | https://doi.org/10.1038/s41598-020-64129-7


https://doi.org/10.1038/s41598-020-64129-7
https://doi.org/10.1038/s41598-020-64129-7

www.nature.com/scientificreports/

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

M | jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

SCIENTIFICREPORTS|  (2020) 10:7284 | https://doi.org/10.1038/s41598-020-64129-7


https://doi.org/10.1038/s41598-020-64129-7
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	The Effect of Force-Field Parameters on Cytochrome P450-Membrane Interactions: Structure and Dynamics

	Results and Discussion

	Protein-membrane interactions. 
	Structural and dynamic properties of the proteins. 
	Structural and dynamic properties of the phospholipid bilayer. 

	Conclusions

	Computational Methods

	Preparation of full-length CYP 2C9, CYP 2C19 and CYP 1A1. 
	Convergence of coarse-grained simulations and back conversion. 
	All-atom (AA) molecular dynamics simulations. 
	Definitions of the parameters characterizing the position of the protein with respect to the membrane. 
	Analysis of all-atom molecular dynamics simulations. 

	Acknowledgements

	Figure 1 Model of CYP 2C9 (ribbon with heme in brown stick representation) in a POPC bilayer.
	Figure 2 Comparison of the final orientations of CYP2C9 in the POPC bilayer in simulations of the apoprotein with GAFF-LIPID + ff99SB after 76 ns (left) and LIPID14 + ff14SB after 216.
	Figure 3 Variation of the average B-factor values (8π2RMSF2/3) of protein backbone Cα atoms along the sequences of CYP 2C9 (top), CYP 2C19 (middle) and CYP 1A1 (bottom).
	Figure 4 Comparison of the structural and dynamic properties of the phospholipid bilayer in simulations of the CYP 2C9-POPC membrane system conducted with the LIPID14 + ff14SB and the GAFF-LIPID + ff99SB parameters.
	﻿Table 1 Parameters characterizing the orientation and depth of insertion of the CYP globular domain in the membrane bilayer, as well as the orientation of the TM-helix in the bilayer, in AA MD simulations for three CYP isoforms with GAFF-LIPID + ff99SB a
	Table 2 Structural properties of the phospholipid bilayer computed from AA MD simulations of the three CYP isoforms in a POPC bilayer with two sets of ff parameters.




